Vibrational properties of hexagonal LiBC: Infrared and Raman spectroscopy 
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The paper presents infrared reflectivity and micro-Raman scattering spectra of LiBC powder 
pellets. The experiment allowed assignment of frequencies of all infrared and Raman active zone 
center modes: Ei n (LO) at 1262 cm -1 and 381 cm -1 , E23 at 1172 cm -1 and 174 cm -1 and A2 U (LO) 
at 825 cm -1 and 545 cm -1 . Results are compared with available ab-initio calculations; prediction 
of large Born effective charges on the nodes of B-C graphene sheets is confirmed. 



LiBC is a layered boron carbide consisting of alter- 
nating graphene-like (BC)~ sheets separated by interca- 
lated Li + ions. It normally crystallizes with a hexago- 
nal structure of Dg h (P63/mmc) space group symmetry 
with Li, B and C atoms in 2a, 2c and 2d Wyckoff posi- 
tions, respectively 1 . The structure is very close to that 
of the recently discovered unconventional superconduc- 
tor MgB2-. Electronic band structure of both materials 
is also quite similar, except for that LiBC is an insula- 
tor with completely filled 2p-a graphene bands. Since 
the deformation potential due to the E 2g zone center 
bond stretching mode is in LiBC even higher than in 
MgB2 3 , it was predicted that the hole-doped LiBC could 
show superconductivity with T c of order of 80 K. Several 
g r oupsAi5iSiIA& tried different methods to achieve super- 
conductivity in Li deficient samples, but none of these 
attempts were successful. The reason of the failure (or 
failure of the prediction) has not yet been elucidated. In 
any case, comparative LiBC vs MgB2 studies are desir- 
able for detailed understanding of the MgB2-type super- 
conductivity. 

Vibrational properties of LiBC were thoroughly stud- 
ied by ab-initio methods^iiSiiiiiSii^, but due to the lack of 
large single crystals, the desirable experimental informa- 
tion is quite limited Ai^i^i^ Group-theoretical analysis 
predicts ten zone-center optic lattice modes: a pair of Ra- 
man active E 2g modes (B-C bond stretching mode and B- 
C layers sliding mode); 2E\ U (B-C bond stretching mode 
and B-C layer vs Li layer sliding mode) and 2A 2u (B-C 
layer puckering mode and B-C layer against Li layer beat- 
ing mode) infrared active modes; and 2B 2g + E 2u + B\ u 
optically silent modes. In this paper, we present re- 
sults of a systematic room-temperature infrared and Ra- 
man spectroscopic study on polycrystalline LiBC pellets, 
which provides a complete spectrum of zone center opti- 
cally active modes in LiBC ( 2E\ u + 2E 2g + 2A 2u species.) 

Let us briefly review the previous experimental in- 
vestigations of phonons in LiBC by infrared, Raman 
and inelastic neutron scattering spectroscopy on micro- 
crystals and powder samples. Inelastic neutron scat- 
tering has shown weighted phonon density of states ex- 
tending up to about 1300 cm -1 , with three pronounced 
bands in the range 350-450 cm -1 , 700-850 cm -1 and 
1000-1250 cm -1 , corresponding to external, puckering 
and stretching modes of the graphene-like sheets, re- 



spectively (the lowest frequency band comprises also Li- 
ion vibrations.) A pair of Raman active E 2g modes 
was observed^i^ near 170 cm -1 and 1170cm -1 . These 
modes correspond to sliding of the graphene sheets and 
to the B-C bond stretching modes, respectively. In ad- 
dition, another pair of sharp and strong Raman lines, 
presumably corresponding to B\ g modes, was seen in a 
met ast able trigonal form of LiBC—. Two of four infrared 
active modes {E\ u species) should contribute to the re- 
flectivity of hexagonal faces. However, the infrared mi- 
croscope experiment 15 on a micro-crystallite with a well- 
developed natural hexagonal face showed a more compli- 
cated spectrum, so that only the higher frequency E\ u 
(at 1180 cm -1 ) could be reliably assigned— The other 
two infrared active modes, polarized along the hexagonal 
axis (A 2u species), should contribute together with E\ u 
modes to the infrared response of powder samples. Un- 
fortunately, the previously published 16 reflectivity and 
transmission spectra on LiBC powder are far from the 
expected 4-mode spectral profile. 

Samples used in this study were prepared at the Uni- 
versity of Liverpool. Stoichiometric LiBC was syn- 
thetized in Ta ampoules at 1773 K under Ar atmo- 
sphere by the method described in Refs. [l||j. The 
golden polycrystalline powder, handled under inert at- 
mosphere, was characterized by laboratory x-ray diffrac- 
tion test proving a single LiBC phase with lattice pa- 
rameters a = 2.75 A and c = 7.05 A. On a closer inspec- 
tion, small systematic shoulders on the Bragg reflections 
were found, indicating 5 a small amount of Li deficient 
phase with composition of about Lio.gsBC (a = 2.74 A, 
c = 7.07 A). The powder was then isostatically pressed 
to form 0.65 mm thick pellets with 8 mm diameter. Spec- 
troscopic experiments were carried out in IOP ASCR in 
Praha within 20 hours after opening of the sealed glass 
ampoules containing the pellets. 

The Raman experiments were carried out using a Ren- 
ishaw Raman microscope with 514.5 nm (2.41 eV) argon 
laser excitation. The instrument allows both the direct 
microscope observation and measurement of polarized 
Raman spectra in back scattering configuration from a 
spot size down to 1-2 microns in diameter. To minimize 
heating of the sample in the laser focus, the laser power 
was kept below lmW. 

Surface of virgin pellets showed a dark golden-brown 
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cent of two-phonon double resonant Raman scattering 
lines in graphite™ These bands, first reported in Ref. 0, 
indeed correspond well to doubled frequency of the puck- 
ering and B-C bond stretching vibrations, and will be 
investigated in more detail elsewhere. From the above 
observations, we conclude that the yellowish regions cor- 
respond to the stoichiometric LiBC, while bluish regions 
correspond to the non-stoichiometric Lio.gsBC compo- 
nent seen by X-ray diffraction. 



FIG. 1: (Color online) Optical microscope view of the sur- 
face of the virgin LiBC pellet, showing "yellowish" (a) and 
"bluish" (b) regions. 




FIG. 2: (Color online) Optical microscope view of a larger 
grain on the surface of the partially polished LiBC pellet. 
The "yellowish" (a) and "bluish" (b) regions correspond to 
stoichiometric (LiBC) and non-stoichiometric (Lio.95BC) 
compositions, respectively. 

metallic appearance at naked eye view, but optical micro- 
scope observations revealed crystallites with bluish and 
yellowish faces with typical size of order of 10 microns. 
The borders of bluish faces were often rounded or kidney- 
shaped, while the borders of the yellowish faces were 
more straight (Fig. 1). Residual area corresponded to 
holes or black material without any Raman signal. After 
polishing of the surface, it became apparent that the bor- 
der area of larger crystallites tends to be bluish, while the 
interior part is yellowish, with a well defined boundary 
between the bluish and yellowish regions (Fig. 2). Raman 
spectra of the bluish regions show a pair of E^g modes 
near 160 cm -1 and 1184 cm -1 and weak, broad features 
di , d2 and d3 reminiscent of the phonon density of states 
bands, superposed on a strong luminescent background 
(see Fig. 3). Very similar Raman spectra were observed 
previously on the annealed LiBC in Ref. 14. In con- 
trast, the luminescent background was practically absent 
in the yellowish crystallites, and the E^g lines were signif- 
icantly sharper and at a somewhat "repelled" positions 
174 cm -1 and 1172 cm -1 (see Fig. 3). Furthermore, the 
yellowish crystallites revealed strong asymmetric bands 
near 1700 cm -1 and 2500 cm -1 , which strongly reminis- 
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FIG. 3: Typical unpolarized Raman spectrum taken from 
yellowish (a) and bluish (b) part of the LiBC pellet. 

Finally, let us stress that none of the Raman spectra 
taken from this sample showed the additional pair— of 
sharp and strong I^-like Raman lines near 546 cm -1 
and 830 cm -1 , so that the present sample is clearly free 
from the low symmetry modification. We have observed, 
however, in some of the yellowish regions, a very weak but 
quite sharp lines near 388 cm -1 , 548 cm -1 and 828 cm -1 , 
which, as will be shown below, correspond surprisingly 
well to the LO frequencies of infrared active optic modes. 
We speculate that these weak features may be coupled 
LO phonon-plasmon modes. 18 In this case, such modes 
should be absent in cross-polarized geometry, which was 
indeed observed (see Fig. 4). 

Infrared reflectivity at near-normal incidence was mea- 
sured using a Bruker 113v spectrometer. To improve the 
surface quality, we tried both dry and wet polishing using 
diamond paste and different organic liquids, but we were 
not able to achieve a mirror-like reflection over the entire 
surface of the pellet. Therefore, we have rather measured 
directly the reflectivity of the as received ("virgin") sur- 
face. The absolute value of reflectivity is calculated as a 
ratio of of the sample and Al mirror spectra. After the 
measurement, about 300 nm of Au was evaporated on 
the measured pellet surface, in order to perform an aux- 
iliary reflectivity measurement allowing to estimate the 
area of highly reflecting microcrystalline faces arranged 
parallel to the surface. Reflectivity of these surfaces was 
then determined as a ratio of virgin pellet and Au-coated 
reflectivities. 

Resulting reflectivity spectrum (Fig. 5.) shows two 
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FIG. 4: Raman spectra of a yellowish crystallite showing 
three weak, normally forbidden lines close to LO frequencies 
of infrared active modes. Spectra are taken in (a) parallel and 
(b) perpendicular polarization conditions. 



a reasonable damping I\ = 0.03^ as in Ref. E3 The 
general agreement indicates that the majority of micro- 
crystalline faces on the surface are parallel to the hexago- 
nal plane, as could be guessed from the typical plate-like 
habitus of LiBC powder grains. Two small additional 
dips near 545 cm -1 and 825 cm -1 are close to ab-initio 
frequencies of A2 n (LO) modes, suggesting that few crys- 
tallites on the surface have nevertheless a different orien- 
tation. While the values of TO and LO frequencies of Ei u 
modes could be easily adjusted to match the experimen- 
tal data, the overall increase of the measured reflectance 
between 1500 and 200 cm -1 cannot be attributed to the 
dielectric contribution of these phonon modes only. This 
additional contribution could be an effect related to the 
powder form of the LiBC sample or due to a metallic im- 
purity component in the sample etc. On the other hand, 
the sharp increase of the reflectivity below 50 cm -1 could 
be modeled by a Drude model with oJ^/Y p « 10 — 20 cm -1 
what might be considered as intrinsic LiBC effect com- 
patible with dc conductivity of LiBC 7 . 
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FIG. 5: Unpolarized infrared reflectivity spectrum of the 
LiBC. (a) Typical unpolarized experimental spectrum of the 
investigated LiBC pellet, (b) Theoretical single-crystal c-face 
reflectivity calculated from the model using ab-initio calcu- 
lated phonon parameters (details in the text). 
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clear bands corresponding to E in phonon modes (with 
LO frequencies near 1262 cm -1 and 381 cm -1 ). This is 
obvious from comparison with the single-crystal reflec- 
tivity calculated for normal incidence c-face reflection 
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using the usual damped harmonic oscillator expression 
for in-plane dielectric permittivity e a (ou) 
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with ab-initio calculated 12 parameters (electronic per- 
mittivity = 11.24, Eiu(TO) frequencies coi = 
346 cm -1 , U02 = 1143 cm -1 , screened plasma mode fre- 
quencies Vti = 135 cm -1 , 0,2 = 469 cm -1 ) and assuming 



TABLE I: Frequencies of zone center modes in LiBC (in 
cm -1 ). Values in brackets correspond to the weak sharp lines 
discussed in the text. 

Frequencies of all measured phonon modes are com- 
pared with available ab-initio calculations in Tab. I. From 
Raman measurement, only the data from the inner yel- 
lowish regions are shown. It is remarkable that the LO 
frequencies calculated as zeros of the adjusted dielectric 
permittivity coincides within 10 cm -1 with the LO fre- 
quencies determined from Raman measurements. Gen- 
erally, the experimental frequencies of Ei n and of E 2g 
modes tend to be somewhat higher than the theoretical 
ones. 

The Ei u mode experimental screened plasma frequen- 
cies (^i=147 cm -1 and ^2=459 cm -1 ) are quite close to 
the ab-initio calculated values 135 and 469 cm -1 . These 
values can be used for evaluation of in-plane diagonal 
components of Born effective charge tensors. Let us 
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consider E lu modes polarized along the x-axis. The 
eigenvector of the j-th mode can be defined by three 
nonzero components of its mass-reduced polarization vec- 
tors (x Li (j),x B (j),xc(j)), x u (j) 2 +x B (j) 2 +x c (j) 2 = 1- 
The screened plasma frequency of the mode (j) is then 
given by 



i( 



where 



K=Li,B,C 



(3) 



(4) 



is the ionic (in-plane) screened plasma frequency, Z* a is 
the in-plane diagonal components of Born effective charge 
tensor of ion n and m K is its relative mass. The common 
factor 



(5) 



includes elementary charge e, atomic mass unit m u , per- 
mittivity of vacuum eo, volume of primitive unit cell Vo 
and relative in-plane electronic permittivity e^°. 

Assuming that the lower frequency £?i n (T01) mode 
involves purely rigid motion of of graphene sheets, eigen- 
vectors x K (j) of TA, TOl and T02 E\ u modes are given 
by columns of the matrix T K j = x K (j) 



where rn^c = mc + m c and M = mec + m u- Using 
the experimental values of screened plasma frequencies 
of TOl and T02 modes (fti and fi 2 ) and for Z£j a > 0, 
^c,a < 0, ^£i,a + ^S,a + ^c,a = 0, eqns. (3 and (6)yield 
unique solution ^i on ,Li = 129 cm -1 , ^i on ,B = 284 cm -1 , 
^ion,c = —367 cm -1 . The corresponding in-plane diago- 
nal components of Born effective charge tensors directly 
follows from eqs.(4) and (5), giving (for Vo = 23A 3 and 
e~ = 11.24) 



^Li,a 



0.78 , Z 



B,a 



2.15 , Z£ >a 



-2.93 . (7) 



These values are indeed close to ab-initio values 12 0.81, 
2.37 and -3.17. 

In conclusion, although the present experiment cannot 
substitute single crystal measurements, we were able to 
observe all optically active modes of LiBC and estimate 
their frequencies. The screened plasma frequencies fre- 
quencies of Eiu modes were used to determine in-plane 
diagonal components of Born effective charge tensors at 
Li, B and C ions. The obtained results are in a perfect 
agreement with first-principle predictions for vibrational 
properties of stoichiometric LiBC. 
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